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Decay associated spectraThe present work describes results obtained on hybrid systems formed in aqueous buffer solution by self-
assembly of different CdSe quantum dots (QDs) surrounded by a ZnS shell and functionalized by covering the
surface with anionic and cationic groups and various isolated pigment–protein complexes from the light-
harvesting antennae of photosynthetic organisms (light-harvesting complexes 1 and 2 (LH1 and LH2,
respectively) from purple bacteria, phycobiliproteins (PBPs) from cyanobacteria and the rod-shaped PBP
from the cyanobacterium Acaryochloris marina). Excitation energy transfer (EET) from QDs to PBP rods was
found to take place with varying and highly temperature-dependent efﬁciencies of up to 90%. Experiments
performed at room temperature on hybrid systems with different QDs show that no straightforward
correlation exists between the efﬁciency of EET and the parameter J /(R126 ) given by the theory of Förster
resonance energy transfer (FRET), where J is the overlap integral of the normalized QD emission and PBP
absorption and R12 the distance between the transition dipole moments of donor and acceptor. The results
show that the hybrid systems cannot be described as randomly orientated aggregates consisting of QDs and
photosynthetic pigment–protein complexes. Speciﬁc structural parameters are inferred to play an essential
role. The mode of binding and coupling seems to change with the size of QDs and with temperature. Efﬁcient
EET and ﬂuorescence enhancement of the acceptor was observed at particular stoichiometric ratios between
QDs and trimeric phycoerythrin (PE). At higher concentrations of PE, a quenching of its ﬂuorescence is
observed in the presence of QDs. This effect is explained by the existence of additional quenching channels in
aggregates formed within hybrid systems. This article is part of a Special Issue entitled: Photosynthesis
Research for Sustainability: from Natural to Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Global capture of solar radiation and transformation into Gibbs free
energy take place in pigment–protein complexes of the photosynthetic
apparatus. These highly structured nanoscale devices are characterized
by very efﬁcient excitation energy transfer (EET) to the photochem-
ically active pigments of the reaction center, where the photochemistry
reaches quantum yields up to 1.0 (for a review see [1]).
Therefore, these functional units appear to offer an attractive
material in constructing novel systems for the technical use of solar
radiation. First steps into this direction are hybrid systems forPhotosynthesis Research for
x: +49 30 314 78600.
Schmitt),
rights reserved.artiﬁcial photosynthesis consisting of nanocrystalline absorbers
acting as donor systems for EET to photosynthetic light harvesting
and/or reaction centers.
Several problems have to be solved when using pigment–protein
complexes in electronic devices, e.g. for the use of bacterial reaction
centers as parts of functionalized electrodes. The external power
conversion efﬁciency of photosynthetic reaction centers (RCs) after
immobilization on electrodes is low mainly for two reasons: i)
electron transfer (ET) between electrode and RC is hampered due to
localization of their cofactors inside the protein matrix, thus giving
rise to rather long electron tunneling distances, and ii) the optical
density of a monolayer of RCs immobilized on the electrode surface is
very low (about 0.01), and therefore the extent of light capture is
negligibly small.
One possibility for an increase of the optical cross section is the
coupling of artiﬁcial absorbers with pigment–protein complexes
via EET.
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were developed that can be coupled in aqueous solution with functional
units isolated from biological organisms (for a review, see [2]).
We have started investigations on the mechanisms of interaction
between various pigment–protein complexes from photosynthetic
organisms and CdSe/ZnS quantum dots (QDs) [3–6]. It was shown
that QDs can form hybrid structures with the rod-shaped PBP
antenna complexes from the cyanobacterium Acaryochloris marina.
The highly temperature-sensitive efﬁciency of EET can reach values
of up to 90% [5,6].
In the present study, these investigations were extended by
using a series of different QDs with different emission wavelengths
and surface charges and several photosynthetic light harvesting
complexes like LH1 from Rhodospirillum (R.) rubrum and LH2 of
Rhodobacter (Rb.) sphaeroides, trimeric phycoerythrin (PE) isolated
from Gloeobacter (G.) violaceus, trimeric phycocyanin (PC) isolated
from Spirulina (S.) platensis and trimeric allophycocyanin (APC)
from Arthrospira (A.) platensis.
The QDs consisting of CdSe cores surrounded by a ZnS shell are
covered by a functionalized surface with either positive or negative
charges [2]. These QDs emit ﬂuorescence with maxima at 523 nm,
530 nm and 560 nm (negatively charged) as well as at 600 nm and
640 nm (positively charged).
2. Materials and methods
2.1. Pigment–protein complexes
Light harvesting complexes 1 (LH1) and LH2 were isolated from R.
rubrum and Rb. sphaeroides, similar to the protocols described in [7,8],
respectively, with minor modiﬁcations. The absorption spectra of
these preparations shown in Fig. 1 correspond with data reported in
the literature [9].
The 800 and 850 nm bands of LH2 originate mainly from weakly
coupled and strongly excitonically coupled bacteriochlorophyll a
(BChla) molecules, respectively. The absorption maximum of the LH1
is found at 880 nm [10]. The range of 450–500 nm is dominated by
carotenoid absorption [11]. The peak near 600 nm is ascribed to the
Qx band of BChla [9]. The LH2 complex from Rb. sphaeroides consists
of identical subunits. Each subunit contains three BChla molecules
and one carotenoid molecule. Likewise, each subunit of the LH1
complex from Rb. sphaeroides or from R. rubrum contains two BChla
molecules and one carotenoid molecule [12]. The LH1 preparation did
not contain reaction centers.
Trimeric complexes of phycoerythrin (PE) were puriﬁed from G.
violaceus according to [13]. Preparations of trimeric phycocyanin (PC)
isolated from S. platensis and of trimeric allophycocyanin (APC) from
A. platensis were obtained by methods described in [14]. Rod-shaped
phycobiliprotein (PBP) antenna complexes were isolated from theFig. 1. Absorption spectra of the BChla-containing LH 1 (left side) of Rhodospirillum rubr
temperature.cyanobacterium Acaryochloris (A.) marina as described in Ref. [15].
The absorption spectra of these preparations are shown in Fig. 2
(right side).
Electron micrographs of the obtained PBP samples exhibit rod-
shaped structure with dimensions of about 10×30 nm (data not
shown, see [16,17]). The PBP antenna rods are formed by PC and APC
hexamers as schematically shown in Fig. 2, left side. The rod is
coupled via a linker protein (L) to the PS II core complex. The linker
most probably contains the terminal emitter (TE) pigment of the PBP
rod, which is a red-shifted APC molecule. The pigment arrangement
in the PBP antenna of A. marina including the TE is discussed in detail
in Ref. [16]. The rod-shaped PBP antenna complex including the linker
protein was used for the experiments.
These rods consist of four hexameric units (three PC homohex-
amers and one PC/APC heterohexamer) [15,18]. Each PC homohex-
amer is a face-to-face assembly of two PC trimers (αβ)3 with 18
covalently bound phycocyanobilin (PCB) molecules. The monomeric
PCαβ is a heterodimer composed of two subunits, the polypeptides α
and β. The α-subunit of the αβ heterodimer contains the α-84
chromophore and the β-subunit two chromophores, the β-84 PCB
and the β-155 PCB. Each APC monomer contains one PCB molecule in
the α-subunit (α-80) and one PCB in the β-subunit (β-81).
The PC/APC heterohexamer of A. marina consists of 9 phycocya-
nobilin and 6 allophycocyanobilin molecules as chromophores.
Isolated PBPs from A. marina exhibit a ﬂuorescence maximum at
665 nm (APC) with a shoulder at about 655 nm (PC) at room
temperature (data not shown, see [16,17]).
Fig. 2, right side, shows the absorption spectra of the PBP rod of A.
marina. In APC trimers, the two PCB chromophores (α-80 and β-81)
of different αβ units form the strongest excitonically coupled dimer.
In PC trimers, all three pigments are rather weakly excitonically
coupled. A detailed discussion of the electronic structure of PC trimers
isolated from cyanobacterial phycobilisomes is found in [19,20] and
for APC trimers in [21].
2.2. Quantum dots
Fig. 3 shows the ﬂuorescence spectra (left side) and a schematic
representation of the structure (right side) of the QDs used in this
study. The material was obtained from NanoFluorescent Materials
LTD, Ukraine. The 3.3 nm diameter of the core refers to QD-530
emitting with a ﬂuorescence maximum at 530 nm (red curve in
Fig. 3).
The emission maxima of the QDs are determined by the size of the
CdSe core (see Ref. [22]). The following data were reported for the
core diameter: 3.1 nm for QD-523, 3.3 nm for QD-530, 4.1 nm for QD-
560, 4.8 nm for QD-600 and 5.6 nm for QD-640.
Hybrid structures of QDs with photosynthetic complexes were
formed by mixing CdSe/ZnS–QDs and PBP at different stoichiometricum and LH 2 (right side) of Rhodobacter sphaeroides in PBS buffer solution at room
Fig. 2. Left side: scheme of the organization of the PBP antenna of A. marina and its
binding to the PS II core complex. Right side: absorption spectrum of PBP isolated from
the cyanobacterium A. marina (black curve) at room temperature according to the
work of Theiss et al. [16].
Fig. 4. Absorption of the QDs (curve 1) and normalized time-integrated ﬂuorescence
spectrum of QD-530 (curve 2) and absorption spectrum (curve 3), and normalized
emission spectrum of PE trimers (curve 4) at room temperature.
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2.7 mM KCl, 8.1 mM Na2HPO4 and 1.76 mM KH2PO4 (pH 7.0).
2.3. Spectroscopic methods
Fluorescence measurements were performed by time- and
wavelength-correlated single photon counting with equipment
described in [17,23]. The setup consists of a photomultiplier system
with a Hamamatsu R5900 16-channel multi-anode photomultiplier
tube with 16 separate output (anode) elements and a common
cathode and dynode system (PML-16, Becker&Hickl, Berlin, Germany).
The polychromator was equipped with a 600 groove/mm grating
resulting in a spectral bandwidth of the PML-16 of about 200 nm with
a resolution of 12.5 nm/channel.
For time-integrated measurements, a commercial USB-connected
ﬂuorometer system with CCD array (EPP2000, Scientiﬁc Instruments,
Berlin, Germany) was employed with a spectral resolution of 3 nm.
Excitation was performed with a pulsed 405 nm laser diode (LDH-
405, Picoquant, Berlin, Germany) delivering 60 ps FWHM pulses,
driven at a repetition rate of 8 MHz.
3. Results and discussion
3.1. Temperature-dependent coupling between QDs and PBP via FRET
Fig. 4 shows the absorption and emission spectra of QD-530 acting
as donor, and of PE acting as acceptor of EET symbolized by an arrow.
The electronic structure of the QDs is determined by the position of
the conduction band of the ZnS shell which has a higher energy than
the CdSe band of the core. On the other hand, the valence band of the
CdSe is energetically higher than the valence band of the ZnS shell.
Therefore, an exciton is trapped in the CdSe core of the QDs. TheFig. 3. Left side: time-integrated room temperature ﬂuorescence spectra of the ﬁve differen
surface charge (ﬂuorescence maximum 530 nm) used in this study.overall exciton wave function is conﬁned within the physical
dimension of the nanocrystal and essentially localized at the center
of the QDs vanishing at its edge [2].
EET occurs between the conﬁned lowest excited state in the CdSe
quantum well and the absorbing S0→S1 transition of the PCB
chromophores.
Fig. 5, left side, reveals that the decay of the 530 nm emission from
QD-530 is drastically accelerated in the presence of isolated PBP rods
from A. marina (red curve) in comparison to that of QDs in the
absence of PBP (black curve). This ﬁnding indicates a strong
quenching of the QD ﬂuorescence by the coupled PBPs and reﬂects a
highly efﬁcient EET from QD-530 to the PBPs [5].
A comparison of the time course of PBP ﬂuorescence in the
absence (Fig. 5, right side, black curve) and presence (Fig. 5, right
side, red curve) of QD-530 reveals that the PBP emission maximum
after the excitation is slightly shifted toward longer times in the
presence of QD-530 (red curve) as compared to the emission of PBP
without QD-530 (black curve). This indicates that sensitized emission
occurs which is characteristic for a FRET process. It was previously
shown that only a fraction of the QD-530 efﬁciently transfers
excitation energy to the PBP antenna complexes [5].
Experiments performed with hybrid systems containing different
QDs and trimeric PC, PE and APC revealed that the integrated
ﬂuorescence emission of the donor (QDs) is always partially
quenched. The data on relative quenching of the QD ﬂuorescence
after mixing with trimers containing either PC, PE or APC at a
stoichiometric ratio of about 1:1 are compiled in Table 1.
It is important to note that in most cases a strict correlation
between the quenching of donor (QD) emission and a correspondingt QDs used in this study, right side: structure of the CdSe/Zns–QDs-530 with negative
Fig. 5. Left side: time course of the ﬂuorescence emission at 530 nm from QD-530 after excitation with 405 nm laser pulses (60 ps FWHM) at room temperature in PBS buffer in
the absence (black curve) and presence (red curve) of isolated PBP rods from A. marina [5]. Right side: time course of the ﬂuorescence emission at 660 nm from isolated PBP
rods from A. marina after excitation with 405 nm laser pulses (60 ps FWHM) at room temperature in the absence (black curve) and presence (red curve) of QDs-530. All decay
curves are normalized.
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indicates that in these systems additional effects emerge due to the
interaction between QDs and the isolated trimeric PE, PC and APC
complexes. A typical example is shown in Fig. 6. The ﬂuorescence
emission of QD-523 registered at 523 nm is shown on the left side in
the absence (black curve) and presence (red curve) of PE trimers. The
interaction with PE trimers leads to a faster ﬂuorescence decay. In
marked contrast to the situation shown in Fig. 5, right side, the
maximum of the ﬂuorescence emission of PE trimers (measured at
575 nm) is not shifted toward longer times in the presence of QD-523
(red curve) compared to the transient emission registered in the
absence of QD-523 (black curve). This ﬁnding is in line with the fact
that no signiﬁcant concomitant increase of the acceptor ﬂuorescence
was detected. The small deviation between the red curve (QD-523-PE
hybrid complexes) and black curve (PE only) results most probably
from a remaining contribution of the slowly decaying QD-523
emission at 575 nm.
Information on efﬁciency and time constants of EET can be gathered
from an analysis of decay-associated spectra (DAS) calculated from the
ﬂuorescence decay curves which were monitored in the spectral range
between 500 and 700 nm. The transient ﬂuorescence emission traces
in different wavelength sections F(t,λ) were ﬁt to a multiexponential
decay model F(t,λ)=Σi (ai(λ)exp(−t/τi)) and the results of this ﬁt are
plotted as wavelength-dependent pre-exponential factors ai(λ) for
each decay component with the corresponding characteristic decay
time τi thus exhibiting the position of individual decay components in
the spectra. For a detailed description of the data evaluation and the
calculation of the DAS, see [17]. It is important to note that a signiﬁcant
improvement of the ﬁt of the time course of QD emission can be
achieved with decay curves comprising three decay components
(χr2=1.3−1.4) instead of only two decay components (χr2>2),
while no signiﬁcant further improvement was obtained with four
decay components (data not shown). This ﬁnding is in line with data
reported on amultiphasic ﬂuorescence decay of the CdSe/ZnS quantum
dots, which originates from distinguishable internal and surface-
localized excited states in single QDs [24], and/or sample heterogene-
ities that are always found in QD ensembles [25].Table 1
Relative decrease of the ﬂuorescence yield of QD-523, QD-530, QD-560, QD-600 and
QD 640 after mixing with trimeric PE, PC or APC at a stoichiometric ratio of about 1:1.
PE PC APC
QD-523 70% 50% 50%
QD-530 80% 65% 70%
QD-560 65%
QD-600 50% 60%
QD-640 45%A correlation between the QDs quenching and corresponding
induction of acceptor ﬂuorescence is seen in the DAS of QD-530
mixed with PBP rods at room temperature. In this case, the donor
quenching occurs with a corresponding ﬂuorescence rise term
(negative amplitude) in the wavelength region of PBP emission (see
Fig. 7, left side). Therefore, the DAS were used as a reliable indicator of
EET in obtaining the corresponding rate constant for the EET.
Fig. 7 shows the DAS of the QD-530-PBP hybrid complexes after
excitation with 405 nm laser pulses at 295 K (left panel) and 10 K
(right panel).
The DAS at room temperature are characterized by components
with time constants of 140 ps (black curve), 700 ps (red curve) and
1.6 ns (blue curve). The spectrum of the 140 ps time constant exhibits
a positive band at 530 nm and a pronounced negative peak at about
650 nm in the region of PBP emission. This feature indicates that an
EET from QD-530 to the PBP rod takes place with a time constant of
140 ps and that most of the QDs (more than 90%) are involved. Decay
components with time constants longer than 140 ps contribute by
less than 10% to the 530 nm emission because the sum of the
amplitudes of the 700 ps component and the 1.6 ns component are
b10% compared to the amplitude of the 140 ps component at 530 nm.
The decay of the PBP rod exhibits a 1.6 ns component, which is typical
for isolated PBP antenna rods, and an additional 700 ps component of
comparable amplitude. This 700 ps component emerges most
probably from structurally distorted PBP complexes (see Ref. [26]).
The DAS pattern at 10 K is markedly different (see Fig. 7, right
panel). A suitable ﬁt of the data was achieved with three expo-
nential components with time constants of 340 ps (black curve),
1.3 ns (red curve) and 7.4 ns (blue curve). The negative amplitude
in the wavelength region of PBP emission (680 nm) is extremely
small indicating that the EET from the QDs to PBP rods is nearly
completely interrupted. Consequently, the corresponding ﬂuores-
cence of the PBP is low. In addition, the rise kinetics appear to be
red-shifted with a peak at 680 nm. This feature leads to the
conclusion that at 10 K the excited state population due to the
remaining EET from some strongly coupled QDs is preferentially
localized at the terminal emitter, which is a red shifted APC pigment
with 680 nm ﬂuorescence (see Fig. 2, left side).
In former studies, an interruption of the EET from QD-530 to PBP
rods of A. marina was shown to occur in a small temperature range
below the freezing point of water. This has been attributed to a
conformational change of the sample, which is assumed to occur
upon formation of ice crystals and had been investigated previously
in detail [5,6].
Fig. 8 presents a scheme of the EET processes in hybrid systems
consisting of CdSe/ZnS–QDs bound to the ﬁrst PC trimer in the PBP
rods from A. marina. This schematic representation does not exclude
the possibility that the QDs could be attached to any binding position
on the PBP rod.
Fig. 6. Left side: time course of the ﬂuorescence emission at 523 nm from QDs-523 after excitation with 405 nm laser pulse at room temperature in PBS buffer in the absence (black
curve) and presence (red curve) of isolated PE trimers. Right side: time course of the ﬂuorescence emission at 575 nm from isolated PE trimers after excitation with 405 nm laser
pulses in the absence (black curve) and presence (red curve) of QDs-523. All decay curves are normalized.
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excitation energy to the PBP rod within 140 ps (red arrow). Accord-
ing to the theory of Förster Resonance Energy Transfer (FRET) this
corresponds to a distance of 3.2 nm between the transition dipole
moments of the QD-530 and the primary acceptor pigment in the
PBP antenna [5]. The ﬂuorescence of the PBP antenna exhibits
maxima at 650 nm (PC), 665 nm (APC) and 680 nm (red shifted
APC, terminal emitter).
Although distance and mutual orientation of the transition dipole
moments are dominant parameters of FRET, the spectral overlap
integral also has a signiﬁcant inﬂuence on the rate constant of energy
transfer. In an attempt to separate the effect of the conﬁguration of
the hybrid system (i.e. the inﬂuence of distance and orientation of
donor and acceptor) from the inﬂuence of the spectral properties, we
analyzed the dependence of the rate constant of energy transfer on
the emission spectra of the QDs. For this purpose, experiments were
performed on several pigment–protein complexes using a variety of
QDs with emission wavelength peaks at 523 nm, 530 nm, 560 nm,
600 nm, and 640 nm (at room temperature).
3.2. Calculation of the Förster integral
The rate constant kFRET of FRET is calculated by the relation
kFRET rð Þ ¼ AΦF
κ2
R12ð Þ6τDn4
∫
∞
0
FD λð Þε λð Þλ4dλ
∫
∞
0
FD λð Þdλ
ð1Þ
with the constant A ¼ 9000 ln10ð Þ
128π5NA
cm3 ¼ 8:8⋅10−25 cm3M.ΦF denotes the
quantum yield of the QDs (about 0.3–0.5 according to [22]), κ2 the
orientation factor (κ2=2/3 for randomly organized QD–PBP hybridFig. 7. Decay-associated spectra of QD-530 mixed with PBP rods from A. marina after exccomplexes) and n≈1.33 the refractive index of the surrounding
buffer solution. The effective distance between donor and acceptor is
given by the length of the center-to-center vector R12 between the
transition dipole moments of the donor and the acceptor pigment.
The average lifetime of the donor in the absence of an acceptor is
denoted by τD. The Förster integral is deﬁned as the overlap integral
between the normalized donor emission spectrum FD(λ) and the
acceptor extinction ε(λ):
J ¼
∫
∞
0
FD λð Þε λð Þλ4dλ
∫
∞
0
FD λð Þdλ
: ð2Þ
The efﬁciency η of the EET is usually calculated from the ratio of
the ﬂuorescence intensities of the donor in the absence (ID) and the
presence (IDA) of the acceptor:
η ¼ 1− IDA
ID
: ð3Þ
A complementary formula (4) is used to calculate the EET
efﬁciency from the average lifetimes τDA and τD of the donor in the
presence and absence of the acceptor, respectively:
η ¼ 1− τDA
τD
: ð4Þ
Unfortunately, Eqs. (3) and (4) do not allow a distinction
between effects of radiationless donor quenching and of EET to
the acceptor. The experiments with LH1 and with trimeric PE, PC
and APC mixed with QDs showed that donor quenching is notitation with 405 nm at room temperature (295 K, left panel) and 10 K (right panel).
Fig. 8. Schematic view of the CdSe/ZnS–QDs bound electrostatically to the PBP rod from
A. marina. For data on EET within the PBP rod see Ref. [16]. For further details, see text.
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(see Table 1 for PE, PC and APC).
A more reliable indicator for EET is the observation of the
ﬂuorescence rise kinetics of the acceptor (see Fig. 7), which offers
direct information on the kinetics of EET. If backward EET from the
acceptor to the donor is negligible (only forward transfer), the
observed rise kinetics τ rise corresponds to the apparent lifetime of the
donor. Therefore τ rise is given by the inverse of the sum of all rate
constants for relaxation channels of the electronically excited donor
∑i ki and the rate constant for FRET: 1τ rise ¼ kFRET þ∑i ki:
Due to 1τD ¼∑i ki one can calculate the FRET efﬁciency in a coupled
donor–acceptor pair from the rise kinetics of the acceptor ﬂuores-
cence and the lifetime of the donor in the absence of the acceptor:
η ¼ kFRET
kFRET þ∑
i
ki
¼
1
τ rise
− 1τD
1
τ rise
: ð5Þ
If the transition dipole moments of the donor and acceptor are
assumed to be randomly oriented in hybrid systems of QDs and PBP
rods, the calculated EET rate given by Eq. (1) should be proportionalFig. 9. Förster integral J of different QD donor/PBP combinations, together with normalize
temperature. J is marked by the green area. The numerical values of J are found in Table 2.to the overlap integral J. However, QDs with different peak emission
wavelengths also differ in diameter (QD-523: 3.1 nm, QD-530:
3.3 nm, QD-560: 4.1 nm, QD-600: 4.8 nm, and QD-640: 5.6 nm).
Therefore, both the Förster overlap integral and the distance
parameter R12 (see Eq. (1)) have to be taken into account when
discussing the EET properties of the hybrid systems. Other parame-
ters were kept constant as quantum yield and ﬂuorescence lifetime
are very similar for all QDs used in this study.
Fig. 9 shows the normalized emission spectra of the QDs, the
absorption spectrum of PBP rods and the Förster integral J for systems
consisting of QD-523 and PBP (Fig. 9a), QD-530 and PBP (Fig. 9b), QD-
560 and PBP (Fig. 9c) and QD-600 and PBP (Fig. 9d). The numerical
values of J as calculated according to Eq. (2) are compiled in Table 2.3.3. EET between QDs and PBP of A. marina
Fig. 10 shows the DAS of hybrid systems consisting of QDs with
different emission wavelengths and PBP rods of A. marina formed in
buffer by mixing at a stoichiometric ratio of about 1:1 PBP rods with
QD-523 (Fig. 10a), QD-530 (Fig. 10b), QD-560 (Fig. 10c) and QD-600
(Fig. 10d).
Inspection of this data reveals that positive and negative bands of
one time constant in the wavelength region of QDs and PBP,
respectively, which indicate an EET from QDs to PBP rods, are only
discernible in hybrid systems containing QD-530 and QD-560. The
EET from QD-530 and QD-560 to PBP rods takes place within 140 ps
and 400 ps, respectively. Both QDs have negative surface charges.
Virtually no EET is observed for the negatively charged QD-523 and
the positively charged QD-600.
The negative band in the system with QD-600 exhibits a peak near
600 nm rather than at the emission peak of PBP at 650 nm (Fig. 10d).
Therefore, it seems likely that slow excitation redistribution takes
place within the QD rather than an EET to PBP. Similar excitationd donor emission (black curve) and PBP rod absorption spectra (red curve) at room
Table 2
Center-to-center distance between the transition dipole moments in QDs and the PBP according to the assumption that a diameter change of the QDs leads to the same relative
enlargement of the center–center distance, overlap integrals J between QDs and PBP in 1015 nm4/(M cm) and corresponding distance weighted terms J/(R126 ) as well as the
measured rate constant for EET in ns−1.
Center–center
distance (nm)
J
1015 nm4/(M cm)
J/R126
1012 (M cm nm²)−1
EET rate
constant (ns−1)
QD-523 3.1 1.3 1.5 0
QD-530 3.2 1.9 1.8 7.7
QD-560 3.6 4.7 2.2 2.5
QD-600 4.0 9.8 2.4 0
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material of QDs and the surface of the QDs had been observed
earlier [24]. Excitation redistribution with very small amplitude is
visible in the QD-523 emission (see Fig. 10a) indicated by the
small negative value of the 5.8 ns component (red curve) at
550 nm. In hybrid complexes containing QD-530 (Fig. 10b) and
QD-560 (Fig. 10c), this redistribution process is not visible. It is
assumed that it is prevented due to competition with the fast EET
from QDs to PBP rods.
In order to analyze whether the measured EET rate constants
correlate with the predictions from the Förster formula (Eq. (1)), we
estimated the expected change of the FRET rates by calculating the
values of J /(R126 ). In a former report, the center-to-center distance of
the transition dipole moment of QD-530 and of the ﬁrst acceptor
pigment in PBP was calculated to be 3.2 nm [5]. Thus, for the other
QDs, we assumed that the R12 distance increases by about half of the
QD diameter difference in comparison to QD-530 in systems with
other QDs. The data are compiled in Table 2.
The values of Table 2 show that the measured EET rate constant is
not at all proportional to the numerical value of J/(R126 ). This ﬁndingFig. 10. Decay associated spectra of QD-523 (9a), QD-530 (9b), QD-560 (9c) and QD-600
excitation at 405 nm at room temperature.clearly indicates that additional features are crucial for establishing an
efﬁcient EET. We assume that the mode of binding and coupling
between the QDs and the PBP rods dramatically changes with the size
of the QDs.3.4. EET between QDs and LH1 of R. rubrum and LH2 and Rb. sphaeroides
Fig. 11 shows the normalized emission spectra of QDs, the absorption
spectra of isolated LH1 (without reaction centers) and LH2 and the
different Förster integrals J of hybrid systems consisting of QD-560
and LH2 (Fig. 11a), QD-600 and LH2 (Fig. 11b), QD-560 and LH1
(Fig. 11c) and QD-600 and LH1 (Fig. 11d). The numerical values of all
Förster integrals J were found to cover a range of 1015 nm4M−1 cm−1–
2.4·1015 nm4M−1 cm−1 and therefore the integral J is of the same
order of magnitude as that of hybrid systems consisting of QD-530 and
PBP rods of A.marina (Figs. 9b and 10b). However, inmarked contrast to
the highly efﬁcient EET in the hybrid system of QD-530 with PBP rods,
no EET was observed from the QDs to either LH1 complexes from R.
rubrum or LH2 complexes from Rb. sphaeroides (Fig. 12).(9d) mixed with PBP rods from A. marina at stoichiometric ratio of about 1:1 after
Fig. 11. Normalized emission spectra of QDs, absorption spectra of LH2 from Rhodobacter sphaeroides (top panels) and LH1 from Rhodospirillum rubrum (bottom panels), Förster
integral J of the donor emission of QD-560 (a) and c), black curves) and QD-600 (b) and d), black curves) with the absorption of LH 2 (a) and b), red curves) and LH 1 (c) and d), red
curves) at room temperature. J is marked by a green ﬁlled area. The numerical values of J are 1.0·1015 nm4/(M cm) (a), 1.3·1015 nm4/(M cm) (b), 2.4·1015 nm4/(M cm) (c) and
1.51015 nm4/(M cm) (d).
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LH2 without QDs (left panel) and hybrid systems consisting of
QD-560 and LH2 (right panel).
The ﬂuorescence decay of LH2 from Rb. sphaeroides exhibits a
virtually monoexponential kinetics with a typical time constant of
1.1 ns and intensity peak at 865 nm (left side, red curve). A suitable ﬁt
of the data was achieved with two components including the
dominating 1.1 ns kinetics (relative amplitude 98%) and 2.8 ns
kinetics with very small amplitude (2%, black curve, left side). The
DAS of the hybrid system of QD-560 with LH2 (right panel) are
virtually the same as for isolated LH2 without QDs. This data indicates
that no coupling via EET from QD-560 to LH2 is achieved when
QD-560 is mixed with LH2 in aqueous buffer solutions.Fig. 12. DAS of isolated LH2 from Rhodobacter sphaeroides (left panel) and of a mixture of L
excited at room temperature with 405 nm.Measurements of the time-integrated donor emission revealed
that the ﬂuorescence of QD-560 is not quenched in the presence of
LH2. Slight quenching of up to 20% of the initial QD ﬂuorescence by
LH1 was observed (data not shown) but the mixtures did not exhibit
a ﬂuorescence rise kinetics of LH1 (see Fig. 12). Consequently no
coupling via EET from QD-560 to LH1 is achieved when the QDs are
mixed with LH1 in aqueous solutions.
To analyze a possible inﬂuence of the surface charge in the
formation of functional hybrid systems, comparative experiments
were performed with the positively charged QD-600. Also in this
case no EET was detectable (data not shown). Therefore, it can be
excluded that the surface charge of the QDs per se is the essential
property for achieving a well-coupled hybrid system with LH1 andH 2 and QD-560 at a stoichiometric ratio of about 1:1 (right panel). The samples were
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the formation of EET coupled hybrid systems with QD donors. A
comparison with the hybrid systems containing PBP rods from A.
marina suggests that structural peculiarities of the pigment–protein
complexes are essential in forming hybrid systems with QDs that
are functionally coupled via EET. The present analyses also show
that variations of the parameter J /(R126 ) are not responsible for the
quite different behavior of the hybrid systems.
The emission of QD-560 and QD-600 overlaps mainly with the
absorption of the Qx absorption band of BChla in LH1 and LH2 (see
Fig. 11) as the absorption of the carotenoids is found at shorter
wavelengths [12]. Due to the ZnS shell surrounding the QDs, the
exciton is assumed to be conﬁned and mainly localized in the CdSe
core. One would assume that Förster-type EET should occur between
QD-560/QD-600 and LH1/LH2, if aggregates are formed with random
orientation of the QDs relative to the LH complexes. However no
efﬁcient EET is observed. Therefore, unresolved structural effects
seem to be responsible for the lack of an EET. We assume that the
average distance of the QDs and the pigments in LH1 and LH2 is too
large in enabling an efﬁcient Förster-type EET.3.5. EET between QDs and trimers containing either PE, PC or APC
The structures of PBP rods from A. marina and LH1 and LH2 are
quite different. We therefore tested if other pigment–protein
complexes of photosynthetic antenna systems are suitable units for
establishing hybrid systems with efﬁcient EET.
Trimeric phycoerythrin (PE) isolated from G. violaceus, trimeric
phycocyanin (PC) isolated from S. platensis and trimeric allophyco-
cyanin (APC) from A. platensis were used for the studies on EET in
mixtures with different QDs. For all samples, it was found that EET
can be achieved. Data analyses show that the numerical values of the
EET rate constants cannot be correlated with J /(R126 ). All experiments
with hybrid systems containing QDs and trimeric PE, PC and APC
revealed strong donor quenching as shown in Table 1. However, a
strict correlation between quenching of the donor emission and
concomitant stimulation of the acceptor ﬂuorescence was not
observed. Therefore, further studies are required to unravel the origin
of the different effects, which will be subject of a forthcoming study.
At least two factors have to be clariﬁed for a better understanding
of the obtained results: i) the hybrid systems probably contain
complexes with different mutual orientations and different center-to-
center distances between the donor and acceptor transition dipole
moments. (the inﬂuence of the relative dipole orientation will be
analyzed by future anisotropy measurements) and ii) the donor
excitation that is quenched by the presence of isolated antenna
complexes is only partially transferred to the acceptor. In hybrid
systems consisting of QD-530 and isolated PBP rods from A. marina,
the excitation is efﬁciently (up to 90% of all excitation energy)Fig. 13. Overall integrated PE emission as a function of concentration in the absence
(blue curve) and presence of 30 nM QD-530 (black curve). The red curve represents
the difference of the PE emission with and without 30 nM QD-530 in the solution.transferred to PBP (see Fig. 10b). In marked contrast, QD emission
quenched in the presence of isolated LH2 does not lead to any
enhancement of the acceptor ﬂuorescence. Similar features were
observed for all isolated PB trimers (PE, PC, APC) used in this study.
To analyze this phenomenon, the extent of acceptor ﬂuorescence
enhancement was measured as a function of the acceptor concentra-
tion. Fig. 13 shows the relative ﬂuorescence intensity of mixtures
containing PE trimers at different concentrations and QDs at a ﬁxed
concentration (30 nM).
In the absence of QDs in the suspension, the PE emission is almost
proportional to its concentration (blue triangles). However in the
presence of 30 nM QDs the PE emission is slightly enhanced at
concentrations below 20 nM (black squares). The difference between
the emission with and without QDs (red circles) reveals that this
ﬂuorescence enhancement is maximal at about 10 nM PE, which
corresponds to a 1:3 stoichiometry of PE and QDs.
Interestingly, at higher concentrations, the ﬂuorescence of PE
appears to be quenched by the presence of 30 nM QDs. At even higher
concentration of PE, this effect of quenching is less pronounced.
Similar results were obtained with PC and APC trimers mixed with
QDs (data not shown). We directly observed the formation of
aggregates after adding the isolated light harvesting proteins to the
QD suspension (data not shown). After adding PE, PC, APC or PBP
complexes of A. marina to QDs the clear solution becomes turbid.
Therefore, the ﬂuorescence quenching of PE as shown in Fig. 13 is
inferred to be due to concentration quenching in large aggregates that
are formed at a concentration ratio of about one PE trimer to one QD.
The relative extent of quenching decreases at a higher PE concen-
tration because only a limited fraction of complexes can be formed
with the QDs and the PE itself does not exhibit concentration
quenching in the investigated concentration regime (see Fig. 13).
It seems evident that the efﬁcient EET observed between QDs and
the PBP complexes of A. marina and also the donor quenching without
efﬁcient EET observed in hybrid complexes consisting of QDs and
trimers of either PE, PC or APC occur after formation of aggregates.
This idea is supported by the observed turbidity after addition of PE,
PC, APC or PBP of A. marina to the QD solution and vice versa. The
quenching mechanism is mainly a static quenching. The possibility
of a transient dynamic interaction between QDs and PBP that would
be interrupted after freezing of the sample can be excluded. This idea
is supported by estimations on the average diffusion time for complex
formation that is found to be much longer (at least 3 orders of
magnitude) than the lifetime of the excited states in the QDs.
To analyze such effects in more detail the controlled construction
of hybrid systems with site-selective attachment between QDs and
photosynthetic complexes might help to improve the efﬁciency of the
EET from QDs to photosynthetic light harvesting systems. This topic
will be addressed in forthcoming studies.
4. Conclusion
The EET from QDs to PBP rods is only discernible in hybrid systems
containing the negatively charged QD-530 and QD-560. The EET from
these QDs to PBP rods takes place within 140 ps from QD-530 and
400 ps from QD-560. The time constant of EET is not directly
proportional to the parameter J /(R126 ).
Isolated LH1 and LH2 from purple bacteria give rise to a slight
quenching of the QD ﬂuorescence, but no EET was detectable. The
origin of this effect remains to be clariﬁed.
The results of this study clearly show that the surface charge of the
QDs per se is not essential for achieving a functionally coupled hybrid
system with efﬁcient EET from QDs to isolated pigment–protein
complexes. Likewise, the ratio J /(R126 ) of the FRET relation (Eq. (1)) is
not a dominant parameter in forming hybrid systems with efﬁcient
EET between the moieties. It is concluded that structural parameters
govern the formation of hybrid systems with desired EET properties.
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